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Abstract
The seesaw model of quark masses is studied systematically, focusing on its develop-
ments. A framework allowing the top quark mass to be of the order of the electroweak
symmetry breaking scale, while the remaining light quarks have much smaller masses, due
to the seesaw mechanism, is presented. The violation of the GIM mechanism is shown
to be small and the tree level FCNC are suppressed naturally. In this model, there are
many particles which could contribute to the FCNC in the one-loop level. Parameters of
the model are constrained by using the experimental data on K0 − K0 mixing and ǫK .
The rare K meson decays KL,S → π0νν¯ and K+ → π+νν¯ are also investigated in the
model. In these processes the scalar operators (s¯d)(ν¯τντ ), which are derived from box
diagrams in the model, play an important role due to an enhancement factor MK/ms in
the matrix element < π|s¯d|K >. It is emphasized that the KL decay process through the
scalar operator is not the CP violating mode, so B(KL → π0νν¯) remains non-zero even
in the CP conserved limit. The pion energy spectra for these processes are predicted.
1 Introduction
The idea of the seesaw mechanism for the neutrino mass [1] [2] was extended to quark masses
sometime ago [3]-[7]. At that time, the top quark mass was not known and it was not expected
to be as heavy as the electroweak symmetry breaking scale. Therefore all charged fermions
were assumed to be lighter than 102 GeV. The motivation for the construction of the model
was to give an explanation for the smallness of the masses of the charged fermions (quarks and
charged leptons) as compared to the electroweak breaking scale. However, now we know that
the top quark is as heavy as O(102 GeV) and that has to be taken into account. Koide and
Fusaoka (KF) [8] and T. Morozumi, T. Satou, M. N. Rebelo and M. Tanimoto [9] studied the
top quark mass problem in a seesaw model. Based on this successful approach, we can discuss
implications of the seesaw model focusing on the experimental data such as flavor changing
neutral currents (FCNC) and CP violation. In this paper, we present in detail the formalism
and make a systematic phenomenological analysis of the implications of the model. A brief
introduction to the Dirac seesaw scheme is given in section 2, in which the incorporation of
the top quark is outlined. In section 3 we show how the mass hierarchy and the flavor mixing
are introduced. Section 4 is devoted to estimating tree level FCNC. In section 5, the flavor
mixing in the charged currents is studied and the parameterization of the generalized Cabbibo
Kobayashi Maskawa (CKM) matrix is specified. [16] [17] In section 6, the K0−K0 mixing and
the CP violating parameter ǫK are studied and the constraint on the parameters of the present
model is obtained. In section 7, the rare K meson decays K → πνν¯ are studied in the present
model. The effect of the scalar interaction on the resulting pion energy spectrum is given. Our
conclusions are presented in section 8.
2 Seesaw Model and Top Quark Mass
Let us first summarize the ideas of the seesaw model for quark masses. The gauge group of the
standard model (SM) is extended to SU(2)L× SU(2)R×U(1), so that the usual Yukawa mass
terms for the charged fermions are not allowed, since now the right handed charged fermions
belong to an SU(2)R doublet. That is:
δSU(2)R
(
ψ¯LφdR
)
6= 0. (1)
The SU(2)R gauge boson must be much heavier than the SU(2)L gauge boson because we
do not see any deviation from the V-A structure of the charged currents, thus the symmetry
has to be broken at a sufficiently high energy scale. The representation of the Higgs breaking
SU(2)R is chosen in such a way that no renormalizable mass term for the standard-like fermions
is allowed. Therefore, for example, the Higgs bi-doublet M(2, 2) under SU(2)L × SU(2)R is
excluded. A single Higgs doublet, φR(1, 2), is used for breaking SU(2)R. With this Higgs field,
the possible mass term for the standard-like quarks is the dimension 5 operator,
1
ΛNEW
ψ¯LφLφ
†
RψR, (2)
where ΛNEW is some new physics scale. The scale must be larger than ηR (VEV of φR). Quarks
and charged leptons acquire their masses, which are much smaller than the electroweak breaking
scale, ηL (i.e., VEV of φL), through the dimension 5 operator:
mf =
ηLηR
ΛNEW
, (3)
where ηR
ΛNEW
<< 1. Now we can think of what is the fundamental theory behind this dimension
5 operator. The interaction can be reproduced if we introduce new heavy isosinglet quarks (and
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charged leptons) and integrate them out. These isosinglet quarks can have bare mass terms,
and the new physics scale, ΛNEW , is identified with that mass. Such a renormalizable theory
is given, in the quark sector, by the following Lagrangian terms:
L = −yLψ¯LφLUR − yRψ¯RφRUL + (h.c.)−MU U¯U. (4)
Using this Lagrangian, we may compute the Feynman diagram in which the heavy singlet quark
is exchanged, obtaining for the dimension 5 operator:
1
ΛNEW
=
yLy
∗
R
MU
. (5)
However this formula leads to the suppression of the quark masses by a factor of SU(2)R
breaking scale divided by Singlet quark mass compared to the electroweak breaking scale, hence
it cannot be applied to the top quark. In order to prevent the seesaw mechanism to act for
the top quark we assume that the corresponding singlet quark has a bare mass much smaller
than the SU(2)R breaking scale. In this case, ignoring flavor mixing for the moment, the top
quark only acquires mass through a dimension 4 Yukawa coupling, instead of the mechanism
of exchange of a heavy singlet quark. To illustrate, let us consider the extreme limit in which
the bare mass is set to zero in Eq.(4), so that we have
L = −yLηLt¯LTR − y∗RηRT¯LtR + (h.c.). (6)
These are dimension 4 operators and the singlet quark cannot be integrated out because the
bare mass term is absent. The diagonalization is performed through maximal mixing for the
right-handed sector, as follows:
(
tm
Tm
)
L
=
(
t
T
)
L
,
(
tm
Tm
)
R
=
(
T
t
)
R
, (7)
(the superscript m denoting the mass states), leading to:
mt = |yL|ηL, mT = |yR|ηR, (8)
and mt is of the order of the experimental value. If we retain the bare mass term, i.e., −MT T¯ T ,
the mass formulae are given by
mt = |yL||yR| ηLηR√|yR|2η2R +MT 2 ,
mT =
√
|yR|2η2R +MT 2. (9)
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3 Quark Mass Hierarchy and Flavor Mixing
We will now extend our analysis to the case where flavor mixing is present and the number of
generations is three, based on the following Lagrangian:
L = −yij0LDψ¯0iL φLDjR − yij0LU ψ¯0iL φ˜LU jR − yij0RDψ¯0iRφRDjL − yij0RU ψ¯0iR φ˜RU jL + (h.c.)
−yij0LEL¯0iLφLEjR − yij0REL¯0iRφREjL + h.c.
−U¯ iM iUU i − D¯iM iDDi − E¯iM iEEi,
(10)
where M iU ,M
i
D and M
i
E are real parameters. The representations under the gauge groups of
ordinary quarks and charged leptons are assigned as:
ψ0iL =
(
ui0
di0
)
L
: (2, 1, 1/3), L0iL =
(
νi0
ei0
)
L
: (2, 1,−1),
ψ0iR =
(
ui0
di0
)
R
: (1, 2, 1/3), L0iR =
(
νi0
ei0
)
R
: (1, 2,−1),
U iL,R : (1, 1, 4/3), D
i
L,R : (1, 1,−2/3), EiL,R : (1, 1,−2). (11)
We do not introduce singlet neutrinos and so there are no tree level neutrino masses. Let us first
study the charged lepton sector and the down quark sector. The masses of the charged leptons
and down quarks are much smaller than O(100GeV), so they can be treated in a unified way.
We consider first the down-like quarks. In order to find the mixing angles (CKM matrix) among
both left and right chiralities, it is convenient to perform unitary transformations among the
ordinary quark fields such that the singlet-doublet Yukawa couplings, i.e. y0L and y0R, become
triangular matrices [9],
U †y0 =


y1 0 0
y21 y2 0
y31 y32 y3

 , (12)
where U is a unitary matrix. The diagonal elements in Eq.(12) are real and the off-diagonal
entries are complex. We perform this same type of transformation in the charged lepton sector.
Accordingly, we obtain new bases for the SU(2) doublet quarks and leptons,
u′L = U
†
ULu0L, u
′
R = U
†
RUu0R,
d′L = U
†
DLd0L, d
′
R = U
†
DRd0R,
e′L = U
†
ELe0L, e
′
R = U
†
ERe0R,
ν ′L = U
†
ELν0L, ν
′
R = U
†
ERν0R.
(13)
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We note that the transformation on neutrinos is chosen to be the same as that on charged
leptons. As a result, the down quark and charged lepton mass matrices are written as follows:
MD =


0 0 0 yLD1ηL 0 0
0 0 0 yLD21ηL yLD2ηL 0
0 0 0 yLD31ηL yLD32ηL yLD3ηL
yRD1ηR y
∗
RD21ηR y
∗
RD31ηR MD 0 0
0 yRD2ηR y
∗
RD32ηR 0 MS 0
0 0 yRD3ηR 0 0 MB


, (14)
ME =


0 0 0 yLE1ηL 0 0
0 0 0 yLE21ηL yLE2ηL 0
0 0 0 yLE31ηL yLE32ηL yLE3ηL
yRE1ηR y
∗
RE21ηR y
∗
RE31ηR ME 0 0
0 yRE2ηR y
∗
RE32ηR 0 Mµ 0
0 0 yRE3ηR 0 0 Mτ


. (15)
These mass matrices can be approximately diagonalized by using the following unitary matrices,
V0DL =
(
1 yLDηL/MD
−1/MDyLD†ηL 1
)
,
V0DR =
(
1 yRDηR/MD
−1/MDyRD†ηR 1
)
, (16)
where M = diag(MD,MS,MB). As a result, MD is approximately diagonalized as
V †0DLMDV0DR ≃


−yLD1 ηLηRMD yRD1 −yLD1
ηLηR
MD
y∗RD21 −yLD1 ηLηRMD y∗RD31 0 0 0−yLD21 ηLηRMD yRD1 −yLD2
ηLηR
MS
yRD2 −yLD2 ηLηRMS y∗RD32 0 0 0−yLD31 ηLηRMD yRD1 −yLD32
ηLηR
MS
yRD2 −yLD3 ηLηRMB yRD3 0 0 0
0 0 0 MD 0 0
0 0 0 0 MS 0
0 0 0 0 0 MB


.
(17)
Approximate eigenvalues of the down quark masses are given by the diagonal elements of
Eq.(17) as:
mb ∼= ηR
MB
yLD3yRD3ηL,
ms ∼= ηR
MS
yRD2yLD2ηL,
md ∼= ηR
MD
yRD1yLD1ηL,
mD ∼= MD,
mS ∼= MS,
mB ∼= MB. (18)
For charged leptons, similar results are obtained.
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3.1 Top quark mass and hierarchy of up type quark masses
Now we turn to the up type quark masses. In the previous section we saw that the top quark
mass, in the absence of flavor mixing, is given by Eq.(9), rather than the seesaw type formula.
The extension to the case where flavor mixing is present, and MT is not exactly zero, but
restricted to MT << ηR, was done in [9]. Here we extend this previous analysis in a way that
can be applied to the case where MT is as large as ηR. First we derive the formulae for the top
quark mass as well as the other light quark masses by solving the eigenvalue equation. Consider
the up mass matrix:
MU =
(
0 ηLy0LU
ηRy
†
0RU MU
)
, (19)
where MU = diag(MU ,MC ,MT ). The corresponding eigenvalue equation for the quark masses
is given by
det(MUM†U − Λ) = det
[
η2Ly0LUy
†
0LU − Λ y0LUMUηL
ηLMUy
†
0LU η
2
Ry
†
0RUy0RU +M
2
U − Λ
]
= 0. (20)
The equation which determines the eigenvalues of the order of ηL
2 (or smaller than ηL
2) is
reduced to a cubic equation:
det
[
y0LU
{
1−MU(η2Ry0RU †y0RU +MU 2)−1MU
}
y†0LU − λ
]
= 0, (21)
where we use the normalized eigenvalue λ = Λ
η2
L
. We further use the following expansion:
(η20RUy
†
0RUy0RU +M
2
U)
−1 =
1
M0
[
1− ( 1
M0
∆M2
1
M0
) + (
1
M0
∆M2
1
M0
)2 + · · ·
]
1
M0
, (22)
M0 =


MU
MC √
η2R(y
†
0RUy0RU)33 +M
2
T

 .
(23)
Note that in the traditional treatment of the seesaw model, Eq.(22) is expanded by the inverse
power of the singlet quark mass matrix, i.e., diag(MU ,MC ,MT ). However the smallness of MT
compared with ηR does not allow us to do so. M0 is chosen in such a way that the expansion
by the inverse power of M0 is still regular even in the limit of vanishing MT . By keeping the
dominant coefficients of λn(n = 0, 1, 2, 3), the eigenvalue equation becomes,
F (λ) = −λ3 + {L33R33XT 2}λ2
− {L33R33(L22 −L23L32/L33)(R22 −R23R32/R33)XT 2XC2}λ
+ XT
2XC
2XU
2detLdetR = 0, (24)
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where Lij = (y†0LUy0LU)ij, Rij = (y†0RUy0RU)ij , XU = ηRMU , XC =
ηR
MC
, and XT =
ηR√
M2
T
+R33η2R
. By
noting that XU << XC << XT = O(1), the approximate solution of Eq.(24) is
mt =
√
L33R33 ηLηR√
MT
2 +R33η2R
,
mc =
√
(L22 − L23L32/L33)(R22 −R23R32/R33){ηLηR
MC
},
mu =
√
detL detR
(L22 − L23L32/L33)(R22 −R23R32/R33)L33R33{
ηLηR
MU
}. (25)
The heavier eigenvalues are also obtained as follows:
mU = MU ,
mC = MC ,
mT =
√
MT
2 +R33ηR2. (26)
To compare Eq.(25) and Eq.(26) with the formulae obtained in the absence of flavor mixing,
Eq.(9), we need to explain a little bit more. The mass formulae for the light quarks are obtained
in a weak basis in which the singlet quark mass matrix M is diagonal, and the singlet-doublet
Yukawa couplings are general. However, the formulae are simplified if we go to the weak basis
in which the singlet-doublet Yukawa couplings are in the triangular form. For example,√
L33 = yLU3,
√
R33 = yRU3,√
L22 − L23L32/L33 = yLU2,
√
R22 −R23R32/R33 = yRU2,√
detL = (yLU1)(yLU2)(yLU3),
√
detR = (yRU1)(yRU2)(yRU3). (27)
In this basis, the light quark masses are determined by the diagonal elements of the singlet-
doublet Yukawa coupling:
mt = (yLU3)(yRU3)
ηLηR√
MT
2 + y2RU3η
2
R
,
mc = (yLU2)(yRU2){ηLηR
MC
},
mu = (yLU1)(yRU1){ηLηR
MU
}. (28)
The top quark mass in Eq.(28) reduces to the result obtained in Eq.(9). Therefore, we conclude
that in the triangular basis, the off-diagonal elements of yL and yR can be safely neglected, since
ignoring them does not affect the mass eigenvalues significantly. In the following section, it is
shown that they are related to the size of the FCNC. Finally, we check the formulae Eq.(26)
and Eq.(28) by showing that detMU = mumcmtmUmCmT . In fact, detMU is given by,
detMU =
∑
p
sign(p)MU1P (1)MU 2P (2)MU3P (3)MU 4P (4)MU5P (5)MU6P (6)
= MU 14MU25MU36MU41MU 52MU 63
= (yLU1)(yLU2)(yLU3)(yRU1)(yRU2)(yRU3)(ηLηR)
6. (29)
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With Eq.(26), Eq.(28) and mT =
√
MT
2 + y2RU3η
2
R, detMU is equal to the products of mass
eigenvalues of the six quarks.
4 Tree Level Z FCNC
In this section, we study the tree level FCNC due to neutral gauge boson exchange. We first
derive the theoretical form of these flavor changing currents. This will show how they are
naturally suppressed, and enable us to perform quantitative calculations. Using the estimates
and the present experimental bounds on rare B and K decays, we examine whether the tree
level FCNC can significantly contribute to them or not. We can also compare the tree level
FCNC effects with one loop GIM suppressed contributions of the standard model.
Let us start with the relevant part of the Lagrangian:
L = Z1J1 + Z2J2 + M1
2Z1
2
2
+
M2
2Z2
2
2
, (30)
where M1 and M2 are the mass eigenvalues of the neutral gauge boson mass matrix,
M2 = M2WR
(
cos2 θW
cos 2θW
0
0 0
)
+M2WL

 sin2 θW tan2 θWcos 2θW tan2 θW√cos 2θW
tan2 θW√
cos 2θW tan2 θW
1
cos2 θW

 , (31)
where MWR and MWL are masses of the charged SU(2) gauge bosons and sin θW = e/g with
SU(2) gauge coupling constant g and U(1)em gauge coupling constant e.(
cos θ sin θ
− sin θ cos θ
)
M2
(
cos θ − sin θ
sin θ cos θ
)
=
(
M2
2 0
0 M1
2
)
. (32)
When the breaking scale of SU(2)R is much larger than that of SU(2)L, i.e. MWR >> MWL,
the eigenvalues and the mixing angle are approximately given by:
M21 =
MWL
2
cos2 θW
− MWL
4
MWR
2
tan4 θW
cos2 θW
,
M22 =
MWR
2 cos2 θW
cos 2θW
,
tan 2θ =
2
√
cos 2θW
cos2 θW
tan2 θW
MWL
2
MWR
2 , (33)
and J1 and J2 are written as:
J1 = J1
0 cos θ − J20 sin θ,
J2 = J2
0 cos θ + J1
0 sin θ,
J1
0 =
g
cos θW
(−J3L + sin2 θWJQ),
J2
0 = g
cos θW√
cos 2θW
(−J3R − tan2 θWJ3L + tan2 θWJQ), (34)
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where J3L, J3R, and JQ are the SU(2)L isospin current, the SU(2)R isospin current, and the
electromagnetic current, respectively. They are defined as:
J3Lµ =
3∑
i=1
ψL
0iγµ
τ3
2
ψL
0i, J3Rµ =
3∑
i=1
ψR
0iγµ
τ3
2
ψR
0i, JQµ =
6∑
α=1
ψ0αγµQψ
0α. (35)
We write the isospin currents in terms of the mass eigenstates,
d0iL =
6∑
α=1
V iαDLd
α
L, d
0i
R =
6∑
α=1
V iαDRd
α
R, (36)
where VDL and VDR are the 6×6 unitary matrices that diagonalize the seesaw type mass matrix,
VDL
†
(
0 y0LDηL
y0RD
†ηR MD
)
VRD =
(
md 0
0 mD
)
.
Now the neutral currents in the down quark sector are written as:
J3L = −1
2
∑
αβ
ZDLαβdLαγµdLβ,
J3R = −1
2
∑
αβ
ZDRαβdRαγµdRβ , (37)
where
ZDLαβ =
3∑
i=1
V †αiDL V
iβ
DL = δ
αβ −
6∑
I=4
V †αIDL V
Iβ
DL,
ZDRαβ =
3∑
i=1
V †αiDRV
iβ
DR = δ
αβ −
6∑
I=4
V †αIDR V
Iβ
DR. (38)
In this way the tree level exchange of neutral gauge bosons gives rise to the effective ∆F = 1
Lagrangian,
L∆F=1 =
√
2GF
∑
α6=β
{ZDLαβdLαγµdLβνLiγµνLi + βZDRαβdRαγµdRβνRiγµνRi}
−
√
2GF
∑
α6=β
{ZDLαβdLαγµdLβ(lLiγµlLi − 2 sin2 θW liγµli)
+ βZDRαβdRαγµdRβ(lRiγµlRi − 2 sin2 θW liγµli)}, (39)
where the coefficient β is defined as β = M2WL/M
2
WR
. As we discuss below, the strength of the
tree level FCNC couplings ZDR are enhanced by a factor of 1/β compared to ZDL. Therefore
the ∆F = 1 FCNC due to Z1 is of the same order of magnitude as that of Z2.
We now turn to theoretical estimate. We first show how the FCNC among the ordinary down
type quarks is suppressed. It turns out that the suppression factor is md
imd
j/MWR
2 for ZDL
9
and md
imd
j/MWL
2 for ZDR. As seen in Eq.(39), the FCNC couplings among the ordinary
quarks are given by:
ZDLij = −V †iIDLV IjDL,
ZDRij = −V †iIDRV IjDR. (40)
In order to estimate the FCNC using Eq.(40), we must know VDL and VDR. For this purpose
we can start with an approximate parameterization obtained from the diagonalization of the
seesaw mass matrix and unitarity (see Eq.(12) and Eq.(13)), then we get
VDL =
(
UDL 0
0 1
)
V0DL =
(
UDL y0LDηL/MD
−1/MDy0LD†ηLUDL 1
)
,
VDR =
(
UDR 0
0 1
)
V0DR =
(
UDR y0RDηR/MD
−1/MDy0RD†ηRUDR 1
)
, (41)
where UDL and UDR are unitary matrices that approximately diagonalize the 3 × 3 effective
light quark mass matrix:
− U †DL
(
y0LD
ηLηR
MD
y†0RD
)
UDR = md. (42)
Notice that with a suitable choice of the unitary matrix U , an arbitrary matrix y0 can be
transformed into a triangular matrix, as in Eq.(12). Suppose U †DLy0DL and U
†
Ry0DR are such
triangular matrices. We immediately find that the effective light quark mass matrix is approx-
imately diagonalized,
− U †DL(y0LD
ηLηR
MD
y†0RD)UDR = −


yDL1
1
MD
yDR1 yDL1
1
MD
y∗DR21 yDL1
1
MD
y∗DR31
yDL21
1
MD
yDR1 yDL2
1
MS
yDR2 yDL2
1
MS
y∗DR32
yDL31
1
MD
yDR1 yDL32
1
MS
yDR2 yDL3
1
MB
yDR3

 ηLηR, (43)
where we assume the following hierarchy of the singlet quark masses,
MD ≫ MS ≫ MB. (44)
Therefore the light quark masses are approximately given by the diagonal elements of Eq.(43),
mid = −
(
yDLi
1
MDi
yDRi
)
ηLηR. (45)
Substituting the approximate parameterization of VDL and VDR into Eq.(41), we obtain the
following formulae for the FCNC:
Z ijDL = −{U †DLy0LD
η2L
MD
2y
†
0LDUDL}ij
= −mdi{U †DRy0RDy†0RDUDR}−1ijmdj/ηR2,
Z ijDR = −mdi{U †DLy0LDy†0LDUDL}−1ijmdj/ηL2. (46)
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We must check that the right hand side does not necessarily vanish when i 6= j. We can see
that this is indeed the case because U †Ly0L and U
†
Ry0R are triangular matrices, and their off
diagonal elements, yijL and yijR (i 6= j), are non-zero in general. To leading order the off
diagonal elements are given by:
{U †DRy0RDy†0RDUDR}−1ij ≃
{ − y∗RDji
yRDiy
2
RDj
(i < j),
− yRDij
yRDjy
2
RDi
(i > j),
{U †DLy0LDy†0LDUDL}−1ij ≃
{ − y∗DLji
yLDiy
2
LDj
(i < j),
− yDLij
yLDjy2LDi
(i > j),
(47)
so the FCNC couplings are suppressed as:
ZDLij = −{mdimdj/2MWR2}g2(U †DRyRDy†RDUDR)−1ij
≃ (mdimdj/2MWR2)
yRDji∗
yRDi
(
g
yRDj
)2
(i < j),
ZDLij = Z∗DLji (i > j),
ZDRij = −{mdimdj/2MWL2}g2(U †DLyLDy†LDUDL)−1ij
≃ (mdimdj/2MWL2)
yLDji∗
yLDi
(
g
yLDj
)2
(i < j),
ZDRij = Z∗DRji (i > j). (48)
Therefore the tree level FCNC among the light quarks is naturally suppressed by a factor of
(quark masses)2 divided by an (SU(2) breaking scale)2. Also, they are proportional to the off-
diagonal elements of yij. If all of these vanish, there are no FCNC among light quarks.
We can now confront our result for the FCNC with the present experimental bounds from rare
K and B decays.
ZRsd ≃ msmd
2MWL
2
yLsd
yLd
(
g
yLs
)2
= 3.1× 10−7{ yLsd
2yLd
(
g
yLs
)2
},
ZRbd ≃ mbmd
2MWL
2
yLbd
yLd
(
g
yLb
)2
= 7.8× 10−6{ yLbd
2yLd
(
g
yLb
)2
},
ZRbs ≃ mbms
2MWL
2
yLbs
yLs
(
g
yLb
)2
= 1.6× 10−4{ yLbs
2yLs
(
g
yLb
)2
},
ZLsd ≃ β msmd
2MWR
2
yRsd
yRd
(
g
yRs
)2
= 1.2× 10−8
(
400
MWR(GeV )
)2
{ yRsd
2yRd
(
g
yRs
)2
},
ZLbd ≃ β mbmd
2MWR
2
yRbd
yRd
(
g
yRb
)2
= 3.1× 10−7
(
400
MWR(GeV )
)2
{ yRbd
2yRd
(
g
yRb
)2
},
ZLbs ≃ β mbms
2MWR
2
yRbs
yRs
(
g
yRb
)2
= 6.4× 10−6
(
400
MWR(GeV )
)2
{ yRbs
2yRs
(
g
yRb
)2
},
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β =
M2WL
M2WR
, (49)
where we use md = 10 MeV, ms = 0.2 GeV, mb = 5 GeV and MWL = 80 GeV. We also use the
following notations. ZLbs ≡ ZDL32, yRbs ≡ yRD32 and so on. The tree level contribution to the
branching ratio B → Xse+e− and K+ → π+νν is given by,
B(K+ → π+νν)|Tree
B(K+ → π0e+ν) =
3
2
|ZLsd|2 + β2|ZRsd|2
|Vus|2 , (50)
B(B → Xse+e−)|Tree
B(B → Xcl−ν) =
Ps
Pc
1
4
{(1− 2 sin2 θW )2 + 4 sin4 θW}|ZLsb|
2 + β2|ZRsb|2
|Vcb|2 , (51)
where Pc = 0.538 and Ps = 0.986 are the phase space factors for the charm quark and the strange
quark, respectively. Using B(B → Xcl−ν) ≃ 10%, |V CKMcb | = 0.04, B(K+ → π0e+ν) ≃ 5% and
|V CKMus | = 0.22 [12], the order of the magnitude of the tree level contribution to these processes
are,
B(B → Xse+e−)|Tree ≤ 1.4× 10−9,
B(K+ → π+νν)|Tree ≤ 4.5× 10−16, (52)
where MWR ≥ 400(GeV) and the combination of the coefficient of Yukawa coupling and gauge
coupling in Eq.(49) is set to be O(1). The experimental bound [13] and the prediction of the
standard model [14] of B → Xse+e− are,
B(B → Xse+e−)|Exp. ≤ 5.7× 10−5,
B(B → Xse+e−)|SM ≃ 8.4± 2.3× 10−6, (53)
while the recent measurement of K+ → π+νν [15] and the prediction of the standard model
[18] are given by,
B(K+ → π+νν)|Exp. = 4.2+9.7−3.5 × 10−10,
B(K+ → π+νν)|SM = 0.6 ∼ 1.5× 10−10. (54)
Compared with values in Eqs.(52), (53) and (54), the tree level FCNC is found to be negligibly
small. In section 6 and 7, we investigate the FCNC in one-loop level.
5 The flavor mixing in the charged currents
In this section, we present the approximate parameterization of the flavor mixing in the charged
currents which is analogous to CKMmatrix in the standard model (SM). The difference between
the CKM in the standard model and that of the present model is that the flavor mixing in the
present model is 6× 6 rather than 3× 3 in the SM. There is also right-handed flavor mixing in
the present model. As we show in the following, the flavor mixing consists of the singlet-doublet
12
mixing and the flavor mixing among doublet quarks. The charged currents of the present model
are written as,
JLµ = uLαγµV
L
αβdL
β,
JRµ = uRαγµV
R
αβdR
β, (55)
where V L and V R are the generalized CKM matrix and are given by
V Lαβ =
3∑
i
V †ULαiVDLiβ =
3∑
i
V †0ULαiU
L
ijV0DLjβ,
V Rαβ =
3∑
i
V †URαiVDRiβ =
3∑
i
V †0URαiU
R
ijV0DRjβ, (56)
where ULij and U
R
ij are 3 by 3 unitary matrices and are defined by,
UL = U †ULUDL,
UR = U †URUDR. (57)
UUL, UUR, UDL, and UDR are 3×3 unitary matrices which transform the singlet-doublet Yukawa
matrices y0UL, y0UR, y0DL, and y0DR into the triangular matrices, yUL, yUR, yDL, and yDR.
V0UL/R(V0DL/R) are matrices which diagonalize MU and MD as,
V †0ULMUV0UR =
(
mu 0
0 mU
)
,
V †0DLMDV0DR =
(
md 0
0 mD
)
, (58)
where
MU =
(
0 yULηL
y†URηR MU
)
,
MD =
(
0 yDLηL
y†DRηR MD
)
. (59)
Because the mass eigenvalues are not affected significantly by the presence of the off-diagonal
element of the triangular matrices yUL,yUR, yDL and yDR, it is legitimate to neglect the off-
diagonal element of the triangular matrices. In the approximation, MD and MU are approxi-
mated as,
MU ≃


0 0 0 yLU1ηL 0 0
0 0 0 0 yLU2ηL 0
0 0 0 0 0 yLU3ηL
yRU1ηR 0 0 MU 0 0
0 yRU2ηR 0 0 MC 0
0 0 yRU3ηR 0 0 MT


,
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MD ≃


0 0 0 yLD1ηL 0 0
0 0 0 0 yLD2ηL 0
0 0 0 0 0 yLD3ηL
yRD1ηR 0 0 MD 0 0
0 yRD2ηR 0 0 MS 0
0 0 yRD3ηR 0 0 MB


. (60)
It may be useful to comment on the diagonal forms of the matrices in Eq.(60). These simple
block-diagonal forms follow from neglecting the off diagonal entries of the initial 6 × 6 quark
mass matrices as in Eq.(60). Therefore, the forms of Eq.(60) become more complex in general
if the off diagonal entries of the triangular matrices denoted by yL and yR of the quark mass
matrices are included. Because the tree level FCNC is already suppressed, in one loop level
calculation, we can set Zij = 0. This is equivalent to neglecting the off-diagonal element of
the triangular matrices yij in the one-loop calculation. Therefore, it is sufficient to keep only
the diagonal element of y for the present purpose. In the approximation, there is a convenient
parameterization of the 6 × 6 generalized KM. First the matrices shown in Eq.(60) can be
diagonalized by the 2 by 2 block diagonal matrices, because we only need to diagonalize a
singlet-doublet mixing in each flavor,
V0LU =
(
CLU SLU
−SLU CLU
)
, V0RU =
(
CRU SRU
−SRU CRU
)
,
V0LD =
(
CLD SLD
−SLD CLD
)
, V0RD =
(
CRD SRD
−SRD CRD
)
, (61)
where,
SLU =

 sLu 0 00 sLc 0
0 0 sLt

 , CLU =

 cLu 0 00 cLc 0
0 0 cLt

 ,
SRU =

 sRu 0 00 sRc 0
0 0 sRt

 , CRU =

 cRu 0 00 cRc 0
0 0 cRt

 ,
SLD =

 sLd 0 00 sLs 0
0 0 sLb

 , CLD =

 cLd 0 00 cLs 0
0 0 cLb

 ,
SRD =

 sRd 0 00 sRs 0
0 0 sRb

 , CRD =

 cRd 0 00 cRs 0
0 0 cRb

 , (62)
with sLu = sin θLu and cLu = cos θLu etc. and likewise for the down-quark sector. The flavor
mixings of left handed quarks are given by the following 6× 6 matrix:
V L =
(
CLU −SLU
SLU CLU
)(
UL 0
0 0
)(
CLD SLD
−SLD CLD
)
=
(
CLUU
LCLD CLUU
LSLD
SLUU
LCLD SLUU
LSLD
)
, (63)
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where 3× 3 part of the generalized KM matrix V L is no longer unitary, while UL is an unitary
matrix. For the right-handed quarks, the CKM matrix is given as follows:
V R =
(
CRUU
RCRD CRUU
RSRD
SRUU
RCRD SRUU
RSRD
)
. (64)
We give an approximate parameterization of V L and V R. We first note that the mixings sLi
and sRi are expressed in terms of the mass matrices elements:
sLu ≃ yLU1ηL
MU
, sLc ≃ yLU2ηL
MC
, sLt = sin
[
1
2
tan−1
2|yLU3|ηLMT
|yRU3|2η2R +M2T − |yLU3|2η2L
]
, (65)
sRu ≃ yRU1ηR
MU
, sRc ≃ yRU2ηR
MC
, cRt = sin
[
1
2
tan−1
2|yRU3|ηRMT
|yRU3|2η2R −M2T − |yLU3|2η2L
]
. (66)
There is a simple relation among the mixing angles, the light quark mass mqi and heavy quark
mass mQi which follows from zeros of the 3× 3 ordinary light quark sector of the mass matrix,
cRicLimqi = −sRisLimQi. (67)
These relations are useful to estimate the box contributions in FCNC. We observe the following
facts on the mixing angles between the singlet and doublet quarks.
• The mixing angles are suppressed as sLi = O(mi/MWR) and sRi = O(mi/MWL) for light
five quarks (from up to bottom quarks )and their singlet partners.
• sLt is at the most O(MWLMWR ) with MT = O(ηR). For MWR > 400(GeV ), sLt may be less
than 0.2.
• sRt is not suppressed. In section 2, we argue that when MT < MWR, we can prevent
the seesaw mechanism to act and the top quark mass is at the electroweak breaking
scale without introducing non-perturbative Yukawa coupling. This corresponds to cRt =
O( MT
MWR
) < 1 and sRt is close to one.
Because UL is 3 × 3 unitary matrix and we have direct measurements on V Lui and V Lci , we can
parameterize UL with the Wolfenstein parameterization. About the right-handed KM, we are
guided by theoretical assumption. We assume that the Yukawa coupling between the doublet
and the singlet quarks is left-right symmetric, yL = yR. This reduces to U
L = UR. In the
following section, we always assume this relation. It is instructive to write the generalized KM
V L and V R explicitly in the approximate parameterization. We are interested in the charged
currents between light down type quarks (d,s,b) and up type quarks. By neglecting the small
mixings to the heavy quarks (U,D,S,B,C) , 4× 3 part of the V L and V R are:
(
uLcLtLTL
)


1− λ2
2
λ Aλ3(ρ− iη)
−λ− iA2λ5η 1− λ2
2
Aλ2
cLtAλ
3(1− ρ− iη) cLt(−A− iAλ4η)λ2 cLt
sLtAλ
3(1− ρ− iη) sLt(−A− iAλ4η)λ2 sLt




dL
sL
bL

 , (68)
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(
uRcRtRTR
)


1− λ2
2
λ Aλ3(ρ− iη)
−λ− iA2λ5η 1− λ2
2
Aλ2
cRtAλ
3(1− ρ− iη) cRt(−Aλ2 − iAλ4η) cRt
sRtAλ
3(1− ρ− iη) sRt(−Aλ2 − iAλ4η) sRt



 dRsR
bR

 . (69)
Note that V L and V R is not left-right symmetric. In the limt of MT
MWR
= 0, they are given by,
V L =


1− λ2
2
λ Aλ3(ρ− iη)
−λ− iA2λ5η 1− λ2
2
Aλ2
Aλ3(1− ρ− iη) −Aλ2 − iA2λ4η 1
0 0 0

 , (70)
V R =


1− λ2
2
λ Aλ3(ρ− iη)
−λ− iA2λ5η 1− λ2
2
Aλ2
0 0 0
Aλ3(1− ρ− iη) −Aλ2 − iAλ4η 1

 . (71)
6 One-Loop Level FCNC
In the present model, there are many particles which may contribute to the FCNC in the
one-loop level. For example, there are new contributions to the ∆F = 2 transition from
box diagrams involving ordinary quarks and heavy isosinglet quark intermediate states. They
can contribute to the Feynman diagrams in which WLWL, WLWR and WRWR are exchanged.
WRWR exchanged diagrams are suppressed and we ignore their effect. The major contribution
from WLWL and WRWL exchanged diagrams is discussed below.
In the WLWL exchanged diagrams, the lightest singlet up type quark T can contribute. We de-
noteM12(SM) as the contribution to the off-diagonal matrix element of neutral meson systems,
i.e., KK and BB in the SM. M12(LL) is the WLWL exchanged box diagram in the present
model in which T quark loop is taken account of. The deviation from the SM due to T quark
loop can be written with Inami-Lim functions,
M12(LL)−M12(SM)
M12(SM)
≃ (λLLt )2
(
2(
S(xt, xT )
S(xt)
− 1)s2Ltc2Lt + (
S(xT )
S(xt)
− 1)s4Lt
)
,
λLLt = U
L∗
tk U
L
tl , (k, l) = (d, s), (d, b), (s, b),
xt = (
mt
MWL
)2, xT = (
mT
MWL
)2, (72)
where (k, l) = (d, s),(d, b),and (s, b) correspond to KK , BdBd and BsBs mixings respectively.
S(x) and S(x, y) are the Inami-Lim functions. sLt is the mixing angle of the singlet quark T
defined in Eq.(65). The mixing angle is approximately given by,
sLt = O(
MWLMT
M2WR
). (73)
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We find that for MT = O(MWL), the mixing angle is suppressed as sLt = O(
M2WL
M2
WR
). For MT =
O(MWR), we obtain the larger mixing angle,i.e., sLt = O(
MWL
MWR
). When MWR ≃ 400(GeV),
for the former case, the mixing angle is 0.04 and for the latter case, it is 0.2. Therefore, for
the smaller MT = O(MWL), the T quark does not contribute to WLWL exchanged diagrams
at all. For the larger mixing angle case, the deviation from the SM can be as large as 30%
for MWR ≃ 400GeV. In the subsequent analysis, we extensively study the case for the small
mixing angle. Then WLWL box diagram contribution is not changed from that of the SM, i.e.,
M12(LL) ≃M12(SM). For the latter case, we need to do more careful analysis and this will be
done in the future publication.
When the T quark contribution to WLWL exchanged diagrams is small, the most important
contribution comes from WRWL exchanged diagrams. [19] In the WRWL exchanged diagrams
(Fig.1), we must also take account of both isosinglet and isodoublet quarks as intermediate
states.
6.1 K0 −K0 mixing
The K0−K0 mixing is one of the best processes to test the FCNC in our model. We reexamine
the famous enhancement factor in WL −WR box diagrams of LR models [19] taking account
of both isosinglet and isodoublet quarks as intermediate states. The effective Hamiltonian for
WL −WR exchanged diagram is,
Heff(LR) =
G2F
4π2
M2WLΛ
LR
γ Λ
RL
δ 2β
√
xγxδF (xγ , xδ, β)(dLs)(dRs) , (74)
where
ΛLRγ = V
L∗
qγdV
R
qγs , Λ
RL
δ = V
R∗
qδd
V Lqδs , qγ,δ = (u, c, t, U, C, T ) , (75)
and
β =
(
MWL
MWR
)2
, F (xγ, xδ, β) = (4 + βxγxδ)I1 (xγ , xδ, β)− (1 + β)I2 (xγ , xδ, β) , (76)
xγ ≡ xqi =
(
mqi
MWL
)2
(γ = 1 ∼ 3), xγ ≡ XQi =
(
mQi
MWL
)2
(γ = 4 ∼ 6) , (77)
where i runs from 1 to 3 and V L/R denotes the 6 × 6 mixing matrices. The loop functions I1
and I2 are found to be the same ones given by Ecker and Grimus[20]:
I1 (xγ , xδ, β) =
xγ ln xγ
(1− xγ)(xγ − xδ)(1− βxγ) + (xγ ↔ xδ)−
β ln β
(1− βxγ)(1− βxδ)(1− β) , (78)
I2 (xγ , xδ, β) =
x2γ ln xγ
(1− xγ)(1− βxγ)(xγ − xδ) + (xγ ↔ xδ)−
ln β
(1− β)(1− βxγ)(1− βxδ) . (79)
The contribution to the off diagonal matrix element MK12 is
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MK12(LR) =
G2F
4π2
M2WLΛ
LR
γ Λ
RL
δ 2β
√
xγxδF (xγ , xδ, β)〈K0|(dLs)(dRs)|K0〉 1
2mK
. (80)
The KL and KS mass difference, ∆mK and the CP violating parameter ǫK are given:
∆mK = 2ReM
K
12 , ǫK = exp(i
π
4
)(
ImMK12√
2∆mK
+ ξ0), ξ0 =
ImA0
ReA0
. (81)
The LR contribution to ∆mK is given by
∆mK(LR) =
G2F
6π2
M2WLf
2
KmKκ
6∑
γ,δ=1
Re(ΛLRγ Λ
RL
δ )2β
√
xγxδF (xγ, xδ, β) , (82)
where
〈K0|(sLd)(sRd)|K0〉 = 1
3
κf 2KmK , (83)
with
κ =
3
4
m2K
(ms +md)2
+
1
8
. (84)
We estimate the matrix element using the vacuum-insertion approximation. In the following
estimate of the LR contribution, we neglect the effect of the QCD corrections.
The sum over γ, δ = 1 ∼ 6 can be reorganized in a better way. By using eq.(67), we obtain
cLqicRqi
√
xqi = −sLqisRqi
√
XQi , (i = 1, 2, 3) (85)
which lead to a useful formula
∆mK(LR) =
G2F
6π2
M2WLf
2
KmKκ2β ×
3∑
i,j=1
Re(λLRi λ
RL
j )cLqicRqicLqjcRqj
√
xqixqj F˜ (xqi , xqj , XQi, XQj , β) , (86)
where
F˜ (xqi , xqj , XQi, XQj , β) = F (xqi, xqj , β)− F (XQi, xQj , β)− F (xqi, XQj , β) + F (XQi, XQj , β) ,
(87)
which is a gauge invariant quantity [21]. λLRi is defined by
λLRi = U
L∗
qid
URqis , (i = 1, 2, 3). (88)
Before closing this sub-section, we show the SM contribution MK12(LL), which is used in the
following calculations:
MK12(LL) =
G2F
12π2
F 2KBKmKM
2
WL
[(λLLc )
2η1S(xc) + (λ
LL
t )
2η2S(xt) + 2λ
LL
c λ
LL
t η3S(xc, xt)],
λLLi = U
L∗
qid
ULqis , (i = 1, 2, 3), (89)
where S(x) and S(x, y) are the Inami-Lim functions, and η1 = 1.38, η2 = 0.57 and η3 = 0.47
are used. The parameter BK is taken to be 0.75± 0.15 in the following calculations.
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6.2 Numerical results in LR symmetric limit
In the limit of mu = 0, the up flavors contribution, i.e., the (i=u and/or j=u) contribution to
∆mK(LR) vanishes. The loop integrated functions F˜ (xi, xj , Xi, Xj, β) for charm flavors, top
flavors and the mixed flavors intermediate states are given approximately as:
F˜ (xc, xc, XC , XC , β) ≃ 5 + 4 ln xc − ln yc + ln β,
F˜ (xt, xt, XT , XT , β) ≃ 4− xt
1− xt +
x2t − 2xt + 4
(1− xt)2 ln xt + ln β ,
F˜ (xc, xt, XC , XT , β) ≃ 4− xt
1− xt ln xt + lnβ, (90)
where yi = βXi = m
2
Qi
/M2WR. The contribution of each intermediate state also depends on the
mixings:
λLRi λ
RL
j = U
L∗
qid
URqjsU
R∗
qid
ULqjs . (91)
In the left-right symmetric limit of the Yukawa couplings, i.e. yL(U,D) = yR(U,D) in eq.(60),
the relations ULqid = U
R
qid
and ULqis = U
R
qis
hold. As we discussed in the section 5, we can
apply the Wolfenstein parameterization on UL and UR. Taking into consideration these mixing
matrices, we can estimate contributions of charm flavors, top flavors and mixed flavors of
charm and top flavors intermediate states. The charm flavor contribution includes (c,c), (c,C),
(C,c) and (C,C) as intermediate states. The top flavor contribution includes (t,t), (t,T), (T,t)
and (T,T). The mixed flavor contribution comes from (c,t),(C,t),(c,T), and (C,T) intermediate
states. The relative contributions of ordinary quarks and singlet quarks are found by estimating
F˜ (xqi, xqj , XQi, XQj , β). Using the Wolfenstein parameterization, the mass difference ∆mK(LR)
is given by,
∆mK(LR)
∆mK
= 2
√
2Cǫκβ{λ2xcF˜ (xc, xc, XC , XC , β)
+ A4λ10{(1− ρ)2 − η2}xtc2RtF˜ (xt, xt, XT , XT , β)
+ 2A2λ6(1− ρ)√xcxtcRtF˜ (xc, xt, XC , XT , β)},
Cǫ =
GF
2FK
2mKMWL
2
6
√
2π2∆mK
= 3.78× 104. (92)
xcF˜ (xc, xc, XC , XC , β) ≃ −0.015, xtF˜ (xt, xt, XT , XT , β) ≃ −14 and√xcxtF˜ (xc, xt, XC, XT , β) ≃
0.018 for MWR = 2(TeV). So, it is found that the charm flavor contribution is the most im-
portant in ∆mK(LR) .We also note that the WL − WR box graph contribution to ∆mK is
negative relative to the WL−WL one. Among the charm flavor contributions, a quarter of the
∆mK(LR) comes from two isosinglet quark intermediate states, i.e., (C,C). This can be seen
that the singlet C quark intermediate states contribution in F˜ (xc, xc, XC , XC , β) is approxi-
mately given by 1 − ln yc + ln β. In the numerical calculation, we must give the mass of the
isosinglet quark C. It is determined as follows. The mass of charm quark is given by the seesaw
formulae, mc ∼= (ηR/mC)yRU2yLU2ηL. In the left-right symmetric limit, i.e., yRU2 ∼= yRU2 = yU2,
it becomes, mc = 2(
yU2
g
)2MWRMWL
mC
. With the assumption of the strength of Yukawa coupling,
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yU2 = O(g), we get mC = O(100 ×MWR). In our numerical calculation of ∆mK and ǫK , we
set mC = 100MWR. The WL −WL box graph contribution is well known and is given by
∆mK(LL)
∆mK
=
√
2CǫBKλ
2xcη1. (93)
The WL − WR box graph contribution to ∆mK is negative relative to the WL − WL one.
Therefore the experimental value of KL and KS mass difference can be fitted only if there is
sizable constructive contribution to ∆mK due to the long distance effects or ifWR is sufficiently
large and ∆mK is saturated by the standard model like contribution. Including possible long
distance effects, ∆mK consists of three parts.
∆mK = ∆mK(LL) + ∆mK(LR) + ∆mLong, (94)
where ∆mLong is the long distance contribution. First, we show the ratio
∆mK(LR)
∆mK(LL)
versus MWR
in Fig.2, where ms = 120MeV or 200MeV, and BK = 0.75 are used. In order for the WL−WR
contribution to be smaller than theWL−WL one,MWR ≥ 1.3TeV should be satisfied. In Fig.3,
we show the ∆mLong which is needed to explain the experimental value ∆mK in the present
model. If we allow the sizable ∆mLong = O(∆mK), MWR is allowed to be 1TeV. Therefore
we conclude the lower bound for MWR obtained from ∆mK is O(1TeV), though there is large
theoretical uncertainty on the lower bound on MWR from KL and KS mass difference.
6.3 CP violation
Let us discuss the CP violation of the K0 −K0 system. By studying ǫK in the present model,
we can obtain alternative constraint on two important parameters MWR and MT in the model.
As we discussed in the previous sub-section, the lower bound on MWR is obtained from ∆mK .
However it is shown that KL and KS mass difference is not sensitive to MT because the top
flavors contribution is tiny in the real part of M12. However, in the imaginary part, the top
flavors contribution becomes important as MT is larger. Neglecting tree level FCNC, there is
one CP violating phase for the left-handed mixing matrix UL and one for the right-handed
mixing matrix UR. In the left-right symmetric limit, UL = UR holds and we have only one
CP violating phase. The CP violating effect of the WL−WR exchange in the K0−K0 mixing
is proportional to the CP violating phase. The imaginary part of MK12 , which comes from
WL −WR exchanged diagrams is given as follows:
ImMK12(LR) =
G2F
12π2
M2WLf
2
KmKκ2β ×
3∑
i,j=1
Im(λLRi λ
RL
j )cLqicRqicLqjcRqj
√
xqixqj F˜ (xqi , xqj , XQi, XQj , β) (95)
where
Im(λLRc λ
RL
c ) = −2A2λ6η, Im(λLRt λRLt ) = 2A4λ10η(1− ρ), Im(λLRc λRLt ) = 2A2λ6η. (96)
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ǫK in the present model can be written as,
ǫK = ǫLL + ǫLR,
ǫLR = Cǫκβη{−2A2λ6xcF˜ (xc, xc, XC , XC, β) + 2A4λ10(1− ρ)c2RtxtF˜ (xt, xt, XT , XT , β)
+ 2A2λ6
√
xcxtcRtF˜ (xc, xt, XC , XT , β)} exp(iπ
4
),
ǫLL =
1
2
BKCǫη{−2A2λ6η1S(xc, xc) + 2A4λ10η2(1− ρ)S(xt, xt)
+ 2A2λ6η3S(xc, xt)} exp(iπ
4
). (97)
For numerical calculation, we must know how cRt and mT depend on the parameters MT and
MWR. In the present model, the masses of the top quark and its singlet partner are given by,
mt ∼=
√
2
( |yLyR|
g2
)
MWL
1√( |yR|
g
)2
+
(
MT√
2MWR
)2 , (98)
mT ∼=
√
2MWR
√√√√( |yR|
g
)2
+
(
MT√
2MWR
)2
. (99)
(c.f. Eq.(9)). In the case of the left-right symmetric limit yL = yR ≡ y, the Yukawa coupling y
is given in terms of the top quark mass:
y2 = g2
m2t
4M2WL

1 +
√√√√1 + 4M2WLM2T
M2WRm
2
t

 . (100)
Then the singlet quark mass is given as
mT = mt
MWR
MWL
1
2

1 +
√√√√1 + 4M2WLM2T
M2WRm
2
t

 . (101)
In the case of MWR ≫ MT , we get mT ≃ mtMWR/MWL. Thus, the physical mass of the
singlet T quark is determined if MWR and MT are fixed. In Fig.4, we show the magnitude of
Yukawa coupling in the region of MT ≤ MWR. The Yukawa coupling increases as MT is larger.
IncreasingMT further may invalidate the perturbative calculation. In Fig.5, cRt is shown versus
MT /MWR. As far as MT ≪ MWR, the singlet-doublet mixing cRt is approximately given by
cRt ∼ MT /MWR. Coming back to ǫK , the top flavor contribution is suppressed by the factor.
Such suppression mechanism is distinctive in the present left-right model. cRt increases as MT
is larger. So the top flavor contribution is more important as MT increases.
There are two distinctive cases on the contribution to ǫ parameters. One corresponds to the
case that ǫLR
ǫLL
is positive and the other corresponds to ǫLR
ǫLL
is negative. The ratio is shown as
a function of MT in Fig.6, where MWR = 0.5, 1.5, and 3 TeV are taken. The ratio does not
depend on η and we set ρ = 0. As seen in this figure, the LR contribution is negative in
MT ≥ 60GeV, but positive in MT ≤ 60GeV relative to LL contribution. (See Eq.(97).) If
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ǫLR 6= 0 and we would use the standard model expression to fit ǫK , i.e., with ǫK = ǫLL(ρ, η),
there would be disagreement between the allowed region of (ρ, η) determined by B physics
data only and that obtained by ǫK . Specifically, here we mean |Vub|, |Vcb| from semileptonic B
decays and |Vtd| from BB mixing as B physics data. When we obtain the constraint on |Vtd|
from the BB mixing, we can use the SM expression for M12 because the deviation from the
SM in WLWL exchanged diagrams are negligible for the small mixing angle sLt = O((
MWL
MWR
)2)
and WRWL exchanged diagrams do not contribute to BB mixing as we show later. After all,
for the small mixing angle case, the B physics data is not affected by the presence of the new
physics. Then the mismatch between the constraint of ǫK and that of the B physics data will
be manifested in the following ways.
(1) The (ρ, η) determined by the B physics data is above the line obtained from the constraint
ǫK = ǫLL(ρ, η). This case corresponds to ǫLR/ǫLL < 0.
(2) The (ρ, η) determined by the B physics data is below the line obtained from the constraint
ǫK = ǫLL(ρ, η). This case corresponds to ǫLR/ǫLL > 0.
Qualitatively, this mismatch is understood as follows. If the CP violating parameter η deter-
mined by the B physics data is larger than the one determined by the standard model constraint
ǫK = ǫLL, we need some negative contribution to ǫK relative to ǫLL. If the η determined by
the B physics data is smaller, then the ǫLL is not enough to explain ǫK and we need positive
contribution to ǫK . The present data of BdBd mixing and |Vub| as well as the bag parameters
BK and BB are not sufficiently accurate to discriminate the one case from the others. Of
course, this mismatch may disappear by using the full expression for ǫK in the present model
with the parameters MT and MWR suitably adjusted. In Fig.7, we show the allowed region for
(MWR,
MT
MWR
) using the full expression for ǫK ,
ǫK = ǫLL(ρ, η) + ǫLR(ρ, η,MWR,MT ). (102)
Taking into account of the present allowed region for (ρ, η) obtained from BdBd mixing, |Vcb|
|Vub| and ǫK , the allowed region for (MWR, MTMWR ) is plotted. Depending on the two cases,
the allowed regions of (MWR,
MT
MWR
) are quite different from each others. The lower curve
corresponds to the case (2), i.e., ǫLR
ǫLL
> 0. The upper bound on MWR is obtained in this
case. The upper curve corresponds to the case (1), i.e., ǫLR
ǫLL
< 0. Since η is larger than
one which would be obtained by the SM fit, the negative contribution is needed. This is
achieved by taking MT
MR
larger. To maintain this effect while taking MWR larger,
MT
MWR
must
increase. We use the following experimental inputs to determine the allowed range of (ρ, η):
|V CKMcb | = 0.0395± 0.0017, mt = 175.6± 5.5GeV, |V CKMub /V CKMcb | = 0.08± 0.016 and |V CKMtd | =
0.0084 ± 0.0018 [12][23]. We also use BK = 0.75. The above constraints are shown in (ρ, η)
plane. (See Fig.9.) In order to find the BK dependence of our result, we also show the allowed
region by taking BK = 0.6 ∼ 0.9 with ρ = 0 and η = 0.35 in Fig.8. We can also discuss the
WL −WR exchange effect on B0d − B0d mixing. The contribution to ∆mB0d is given as
∆mB0
d
(LR) =
G2F
6π2
M2WLf
2
Bd
mBκ2β ×
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3∑
i,j=1
|λLRi λRLj |cLqicRqicLqjcRqj√xqixqj F˜ (xqi , xqj , XQi, XQj , β) , (103)
where κ ≃ 3/4 and
λLRi λ
RL
j = U
L∗
qid
URqjbU
R∗
qid
ULqjb . (104)
In the SM, the top quark intermediate state dominates the B0d − B0d mixing. The WL −WR
exchange contribution is also dominated by the top flavor intermediate state, however, this
contribution is suppressed by cRt, that is of order 10
−4 compared with the SM contribution.
Thus, for B0d − B0d mixing, the LR effect is negligible.
7 Rare Decays of K Mesons
Experiments in the K meson system have entered a new period with the observation of the rare
process K+ → π+νν, and the dedicated search for KL → π0νν. Recently, the signature of the
decay K+ → π+νν has been observed by E787 Collaboration [15] and the reported branching
ratio is 4.2+9.7−3.5 × 10−10, which is consistent with the value predicted by the SM. Additional
(and improved) data are expected in the near future. In view of this situation, a detailed
study of the rare K meson decays is necessary. The decay KL → π0νν is one of the most
promising processes, since it is a CP violating mode in the SM. This mode is theoretically
clean to extract the CKM parameter η [18]. We investigate rare K meson decays in the present
model introducing right handed neutrinos. However, in the model, the neutrino masses are
zero in the tree level and lepton flavor is well conserved ( see analyses within other models
[24]). Scalar and tensor operators appear due to the LR box diagrams, in which both the left
and right handed gauge bosons, WL and WR, are exchanged. The scalar operators have an
enhancement factor MK/ms in the matrix element < π|sd|K >. Thus, the scalar operator may
make a large contribution to the rare K meson decays, K+ → π+νν and KL,S → π0νν. An
important point is that the CP property of the scalar interaction is different from the V-A
interaction (sd)V−A(ν lνl)V−A in the SM. The decay KL → π0νν through the scalar operator is
not a CP violating one, so we have a non-zero branching ratio B(KL → π0νlν l) even in the CP
conserved limit (η → 0). Thus, it is important to estimate the size of the effect of the scalar
operator on the pion energy spectrum.
7.1 Rare decays by scalar operator
The rare K → πνν decays are loop-induced FCNC processes in the SM, that, being dominated
by short-distance physics, are theoretically very clean modes [18]. The matrix elements involved
in these decays are related to the experimentally well known decay K+ → π0e+ν using isospin
symmetry, and corrections to this relation have been studied [25]. We start our analysis of such
decays with the following effective Lagrangian, which is produced from the LR box diagram in
addition to the SM contributions:
Leff = −4κGF√
2
∑
l=e,µ,τ
[
C lSM(sLγ
µdL)(νL,lγµνL,l)
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+SlLR(sLdR)(νL,lνR,l) + S
l
RL(sRdL)(νR,lνL,l)
+T lLR(sLσ
µνdR)(νL,lσµννR,l) + T
l
RL(sRσ
µνdL)(νR,lσµννL,l) + h.c.
]
, (105)
where κ = α/(2π sin2ΘW ). The first term is the SM contribution [18, 26], and from the second
to the fifth are the new contributions arising in this model. The scalar and tensor operators
generally appear from box diagrams when one considers a model which contains the right-
handed charged gauge bosonWR. As a concrete analysis, in section 7.3, we investigate the pion
energy spectrum for LR symmetric scenario, SlLR = S
l
RL and T
l
LR = T
l
RL, which correspond to
the limit cos θLs = cos θRd = 1 with U
R = UL.
There are also penguin diagram contributions to the process we are interested in. However,
only the box diagrams produce the scalar operator (sd)S(νν)S in the effective Lagrangian, thus,
we do not consider the contributions from penguin diagrams in this paper.
First we show the decay amplitudes for the neutral K meson states KL and KS
1. The decay
amplitudes A(KL,S → π0νν) are:
A(KL,S → π0ν lνl) = −GFκ√
2
((
pC lSM ∓ qC l∗SM
)
< sγµd > (ν lγµ(1− γ5)νl)
+
(
p(SlLR + S
l
RL)± q(SlLR + SlRL)∗
)
< sd > (ν lνl)
+
(
p(SlLR − SlRL)∓ q(SlLR − SlRL)∗
)
< sd > (ν lγ5νl)
+4
(
p(T lLR + T
l
RL)∓ q(T lLR + T lRL)∗
)
< sσµνd > (ν lσµννl)
+4
(
p(T lLR − T lRL)± q(T lLR − T lRL)∗
)
< sσµνd > (νlσµνγ5νl)
)
,(106)
The CP conserved limit corresponds to p = q, with all coefficients C lSM , S
l
LR, S
l
RL, T
l
LR and
T lRL real. In this limit, the decay amplitude A(KL → π0νLνL) through the V-A interaction is
zero, while A(KS → π0νLνL) is nonzero, and the decays through the scalar operators A(KL,S →
π0νRνL, π
0νLνR) remain non-zero generally. In the LR symmetric parameterization, KS decay
through the scalar operators is the CP violating mode, while CP is conserved for KL decay.
Thus decays of neutral K meson in the LR symmetric parameterization are summarized as
follows:
•KLdecay


(sd)V−A(νlνl)V−A ⇒ CP/,
(sd)S(νlνl)S ⇒ CP Conserving ,
(sd)T (νlνl)T ⇒ CP/,
•KS decay


(sd)V−A(νlνl)V−A ⇒ CP Conserving ,
(sd)S(νlνl)S ⇒ CP/,
(sd)T (ν lνl)T ⇒ CP Conserving .
Experimentally we do not observe the neutrinos, and the pion energy spectrum is obtained
by summing these contributions which have different CP properties with each other. The
KL decay through the V-A operator is suppressed due to CP symmetry, but decays through
1We use a conventional phase choice where |KL,S >≡ p|K0 > ±q|K0 >, CP |K0 >≡ −|K0 >.
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the scalar operators are CP conserving ones, furthermore their matrix elements are enhanced,
< π0|sd|K0 >∼ M2K
ms
f± ( where < (sd)V−A >≡ f+pµ++f−pµ−, p± = PK±pπ ), as we can see from
the equation of motion in the next subsection. Thus, the contribution of the scalar interaction
to the decay amplitude A(KL → π0νν) is sizable and dominates in the CP conserving limit.
The decay amplitude for the charged K meson, A(K+ → π+νν), is obtained in the same way:
A(K+ → π+ν lνl) = −GF√
2
κ ( CSM < sγ
µd > (ν lγµ(1− γ5)νl)
+ (SLR + SRL) < sd > (νlνl)
+ (SLR − SRL) < sd > (ν lγ5νl)
+2 (TLR + TRL) < sσ
µνd > (νlσµννl)
+2 (TLR − TRL) < sσµνd > (ν lσµνγ5νl)) , (107)
where < O >=< π+|O|K+ >.
7.2 The matrix elements and the coefficient functions in the LR
model
In this section, we explain our estimations of the matrix elements and show explicit forms of
the coefficient functions in the LR model. The matrix elements in the SM, < (sd)V−A >, can
be related to the matrix elements of the experimentally well known leading decay K+ → π0e+ν
using isospin symmetry. So the form factors fK
+→π+νν
± and f
K0→π0νν
± are written in terms of
fK
0→π0e+ν
± . The matrix element of the scalar operator < (sd)S > is also related to these by the
equation of motion:
< π|sd|K > = p−· < π|(sd)V−A|K >
md −ms
= f+
M2K −M2π
md −ms + f−
p2−
md −ms , (108)
where f± are the form factors of the corresponding matrix element < π|(sd)V−A|K >. We
estimate the matrix element of the tensor operator using the NJL model. First we note that
the matrix element of the operator is the second order of the typical momentum. Therefore
in the sense of the chiral perturbation , it is enough to estimate the form factor fT at zero
momentum transfer, which is defined by < sσµνd >≡ fT
MK
·
(
pµ+p
ν
− − pµ−pν+
)
. the SU(3) breaking
effect may be also neglected. Calculating the Feynman diagram shown in Fig.10, the form
factor is given by
fT =
−iNc
4
√
2π2
mqMK
f 2π
, (109)
where mq is a constituent quark mass and fπ is the pion decay constant. As a rough order esti-
mate, we assume mq = 200 MeV, fπ = 120 MeV. Then we obtain , fT = −0.37i. Substituting
the value in the pion energy spectrum, we can see that it is safely neglected.
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Now we show the explicit form of the coefficient functions SlLR and T
l
LR in the model. We
calculate box diagrams, in which the left handed WL boson and the right handed gauge boson
WR are exchanged, as seen in Fig.7. There are corresponding charged Higgs diagrams due to
the gauge invariance. The internal upper fermion lines correspond to the ordinary and the
singlet quarks, the lower ones correspond to the SM and the singlet leptons.
The coefficients in the effective Lagrangian are:
SlLR = cLscRd
∑
q=u,c,t
(UL∗qs U
R
qd)cLqcRq × β
√
xqylF˜ (xq, yl, XQ, YL, β) , (110)
T lLR = −cLscRd
∑
q=u,c,t
(UL∗qs U
R
qd)cLqcRq × β
√
xqylF˜
′ (xq, yl, XQ, YL, β) . (111)
where θL/Rq is the mixing angle between a singlet left/right handed quark and the corresponding
doublet quark as defined in Eq.(5), and U
L/R
ij are 3 × 3 CKM matrix elements. In addition to
the parameters xq, XQ and β of Eq.(77), new dimensionless parameters yl, YL are defined by:
yl =
m2l
M2WL
, YL =
m2L
M2WL
, (112)
whereml are mass eigenvalues of the ordinary leptons e, µ and τ , whilemL are the corresponding
additional heavy lepton masses.
The function F˜ ′ is defined by replacing F (x, y, β) with F ′(x, y, β) in Eq.(87):
F ′(x, y, β) =
1
4
I1 (x, y, β)− 1 + β
16
I2 (x, y, β) . (113)
The other coefficients, SlRL and T
l
RL, can be obtained by interchanging the indices L and R. In
the limit when cL,s = cR,d = 1, S
l
LR = S
l
RL and T
l
LR = T
l
RL. Thus, we simply write them as S
l
or T l and take the coefficients as LR symmetric. The coefficients Sl (l = e, µ) for electron and
muon are negligibly small due to the smallness of ye and yµ, and only S
τ contributes to the
process significantly. The coefficient function Sτ evaluated with MR = 500 GeV is:
Sτ ∼= −6.10× 10−7λu − 8.76× 10−5λc − 1.46× 10−3cRtλt, (114)
where λu ∼ λ
(
1− λ3
2
)
, λc ∼ −λ
(
1− λ3
2
)
and λt ∼ −A2λ5 (1− ρ− iη) in the Wolfenstein pa-
rameterization. The coefficient for the up quark is negligible. For the top quark, the coefficient
function is enhanced by its heavy mass, but suppressed by the CKM factor λt, as compared to
λc from the charm quark. Thus, the contribution from the top quark in the model is small in
the case of LR symmetric case. It is important that all the coefficients of the LR model are
suppressed by the factor β, so the V-A interaction of the SM dominates as MR becomes large.
7.3 Pion energy spectrum
We present the pion energy spectrum obtained using the coefficients of Eq.(110) and Eq.(111).
In the process KL → π0νν, the contributions from scalar interactions are controlled by β and
26
the enhancement factor MK/ms in the matrix element 〈(sd)〉. For SM, the decay amplitude of
KL → π0νν is proportional to η, thus the contributions of scalar interactions relative to that of
SM for the pion energy spectrum is O
(
MK
ms
β
η
)2
. In the process K+ → π+νν, contributions from
the scalar and tensor interactions are tiny compared to the SM one. The pion energy spectrum
for the decay K+ → π+νν is:
dB (K+ → π+νlν l)
dxπ
= δN · κ+
√
x2π − 4δ2
×
[(
x2π − 4δ2
) (
|C lSM |2 + 16ω2+tˆ |T l|2
)
+ 3tˆ
(
MK
md −ms
)2 (
1− δ2 + ξ tˆ
)2 |Sl|2
]
, (115)
κ+ =
3α2B(K+ → π0e+ν)
2π2 sin4 θW
λ8 = 4.57× 10−11, (116)
δN =
|f+(K+ → π0e+ν)|2∫
dxπ|f+(K+ → π0e+ν)|2 (x2π − 4δ2)3/2
, (117)
where xπ is a normalized pion energy defined by xπ = 2Eπ/MK , and δ = mπ/MK , ξ =
fK
+π0
− /f
K+π0
+ , ω+ = |fK+π+T /fK+π0+ | and tˆ = (1 + δ2 − xπ).
The process KL → π0νν is a more sensitive probe of the scalar interactions, as discussed in
the previous section. The energy spectrum is given by:
dB
(
KL/S → π0νlνl
)
dxπ
= δN · κL
√
x2π − 4δ2
×
[
(x2π − 4δ2)
(
|pC lSM ∓ qC l∗SM |2 + ω20 tˆ |pT l ∓ qT l∗|2
)
+3tˆ
(
MK
md −ms
)2 (
1− δ2 + ξ tˆ
)2 |pSl ± qSl∗|2
]
, (118)
where ω0 ≡ |fK0π0T /fK+π0+ | and κL = κ+ · τ(KL)τ(K+) . The first term is contributions from V-A
and tensor operators, sL,Rσ
µνdL,R, the second is the contribution from the scalar operator
which has an enhancement factor M2K/(md − ms)2 in the matrix element. The contribution
from the tensor operator is suppressed by the kinematical factor (x2π − 4δ2) in the low pion
energy region, xπ ∼ 2δ, whereas at large pion energies, xπ ∼ 1 + δ2, it is suppressed by the
factor tˆ. Furthermore, decay through the tensors is CP violating and has no enhancement
factor. Hence, the contribution from the tensor operator is negligible compared to the scalar
operator and the SM contributions. The form factors are related to those of the experimentally
well known decay mode K+ → π0e+ν. In Fig.12 we show the pion energy spectrum, dB(xpi)
dxpi
,
multiplied by a factor 1010. To see the dependence of the branching ratio on η, we plotted three
curves, which correspond to the cases η = 0.25, 0.3, 0.35. The solid lines are the pion energy
spectra in the LR model, the doted lines are the corresponding SM prediction, where we have
taken MWR = 500(GeV) and ρ = 0.25. The LR contribution is large in the low energy region
xπ ∼ 2δ, while in the high energy region the SM contribution dominates. In Fig.13, we study
the dependence of the pion energy spectrum on MWR. Notice that as the coefficient functions
of the effective Lagrangian are proportional to β, dB/dxπ is proportional to (MWL/MWR)
4. The
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effect is negligible for MWR > 1(TeV) and the energy spectrum reduces to the prediction of the
SM.
The effect of the new physics can be seen in the pion energy spectrum of the KL → π0νlν l
decay for MWR ≤ 1 TeV. On the other hand, the analyses of K0 − K0 mixing have given a
constraint of MWR ≥ 1.6 TeV, which may discourage the search for new physics in this decay
mode. However, it is important to comment on the constraint MWR ≥ 1.6 TeV. This bound
has been obtained from the box diagram of the WL −WR intermediate state. We assumed, as
is usual, that the short distance effect dominates K0 −K0 mixing. However, if long distance
physics dominates the mixing, the constraint of MWR ≥ 1.6 TeV is no longer valid.
8 Conclusion
We present the formalism and systematic analyses of the seesaw model for quark masses.
A framework allowing the top quark mass to be of the order of the electroweak symmetry
breaking scale is explained. The derivation of the quark mass formulae is presented in detail
with flavour mixing included. There, it is shown that expanding simply by the inverse power
of the singlet quark mass matrix fails and we propose an alternative expansion to overcome
the problem. Furthermore, we find that a quark basis in which the singlet and doublet mixing
Yukawa coupling is a triangular matrix is appropriate for finding the mass base. Starting in
such a basis, by neglecting the flavor off-diagonal Yukawa couplings, we can reproduce the
quark mass formulae which are obtained as the solutions of the eigenvalue equation. Also, we
give the theoretical formulae for the tree level FCNC. The tree level FCNC in the model are
naturally suppressed as (quark masses)2 divided by an (SU(2) breaking scale)2. The effect on
rare K and B decays is far below both the present experimental bound and the prediction
of the standard model. As for FCNC beyond the tree level, the one loop effect involving the
right-handed gauge boson exchange is discussed for K0 −K0 mixing and for K → πνν. ∆mK
and ǫK give constraints on the parameters of the model MT and MWR. We reanalyse the
Beall, Bander and Soni bound for MWR in the present model and show the lower bound of
MWR is about O(1TeV). The constraint of ǫK is interesting and we show the allowed region in
(MWR,
MT
MWR
). If the allowed region of (ρ, η) is tightened by the data of the B factory and/or by
the improvement of the lattice computation of the hadronic matrix element, the allowed region
will be much more specified than the present one. Alternatively the effect of the new physics
can be seen the KL → π0νlνl decay in the case of MWR ≤ 1(TeV). There is a scalar operator
in the effective Lagrangian, which come from LR box diagrams. For the decay KL → π0νν,
there is a significant contribution from the scalar operator, especially in the low energy region
of the pion energy spectrum, which, for the values MWR = 500GeV and ρ, η = 0.25, amounts
to an enhancement of about 30% to the total branching ratio. Thus, measuring the decay
KL → π0νν precisely may be important to probe the effect from new physics. Other aspects
of the present model, such as the constraints from the precision measurements and the other
B decays, the Higgs sector, and the neutrino mass and mixings will be discussed elsewhere.
The further improvement of the QCD corrections to our computation is also needed for serious
comparison with the experiments.
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Figure 1: Box diagrams for K0 −K0 mixing involving singlet and doublet quark intermediate
states.
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Figure 2: ∆mK(LR)
∆mK(LL)
as function of MWR. The solid line corresponds to ms = 200(MeV) and
the dashed line corresponds to ms = 120(MeV). We use BK = 0.75.
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Figure 3: The long distance contribution ∆mLong which reproduces the KL and KS mass
difference in the present model. The solid line corresponds to ms = 200(MeV) and the dashed
line corresponds to ms = 120(MeV). The unit is the experimental value of ∆mK . We use
BK = 0.75.
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Figure 4: The Yukawa coupling yt as function of
MT
MWR
.
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Figure 5: The singlet and doublet mixing angle cos θRt as function of
MT
MWR
.
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Figure 6: ǫLR
ǫLL
as function of MT . The solid line corresponds to MWR = 3(TeV), the dashed line
corresponds to MWR = 1.5(TeV) and the dotted-dashed line corresponds to MWR = 0.5(TeV).
ρ is set to be zero. ms = 160(MeV) is used.
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Figure 7: The allowed region for (MWR,
MT
MWR
). The region between the upper curve and the
lower curve is allowed. We take account of the present constraint for (ρ, η) obtained from BdBd
mixing and |Vub|. BK = 0.75 and ms = 160(MeV) are used. The upper curve corresponds to
(ρ, η) = (−0.087, 0.43) and the lower curve corresponds to (ρ, η) = (0.25, 0.14).
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Figure 8: The allowed region for (MWR,
MT
MWR
) with (ρ, η) = (0, 0.35). The lower curve
corresponds to BK = 0.6 and the upper curve corresponds to BK = 0.9. The region between
two curves is allowed. ms = 160(MeV) is used.
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Figure 9: The allowed region in (ρ, η) plane obtained from |Vub|, |Vcb| and BdBd mixing. To
extract |Vtd| from BdBd mixing, we use the SM expression for xd. This is a good approximation
for the small angle case, i.e., sLt = O
(
(MWL
MWR
)2
)
. (See also the text below Eq.(72).)
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Figure 10: The Feynman diagram for the matrix element of the tensor operator in NJL model.
⊗ denotes an insertion of the tensor operator sσµνd.
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Figure 11: Box diagrams which contribute to the effective Lagrangian for the process K → πνν.
(a) is a contribution from WL and WR. (b) and (c) are gauge boson and unphysical Higgs
contributions. (d) is a contribution from the unphysical Higgs χL and χR.
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Figure 12: The pion energy spectrum dB[KL → π0νν]/dx for various values for the CP violating
parameter η. We use ms = 100(MeV), MWR = 500(GeV) and ρ = 0.25. SM denotes the
predictions of the standard model and LR denotes the predictions of the left-right model.
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Figure 13: The pion energy spectrum dB[KL → π0νν]/dx for various values of MWR. ms =
100(MeV) is used. SM denotes the prediction of the standard model and LR denotes the
predictions of the left-right model.
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